Introduction
============

Polycythemia vera (PV) is a chronic myeloproliferative neoplasm (MPN) characterized by clonal expansion of an abnormal hematopoietic stem cell due in most cases to the V617F activating mutation in the tyrosine kinase JAK2.^[@b1-1030972]--[@b4-1030972]^ PV is marked by thrombohemorrhagic complications and a propensity to transform into myelofibrosis and acute leukemia.^[@b5-1030972]^

Reducing the vascular risk and preventing transformation are the main purpose of PV treatment. According to current guidelines, low-risk PV patients are managed with phlebotomy and aspirin, whereas high-risk patients receive cytoreduction with hydroxycarbamide (HC) or interferon-α (IFN).^[@b6-1030972]^ New therapeutic approaches aim at developing small molecules as specific inhibitors of JAK2 mutated forms.^[@b7-1030972]^ HC, also known as hydroxyurea, is commonly used to treat PV patients requiring cytoreductive therapy. HC is a cytostatic non-alkylating hydroxylated urea analog that inactivates ribonucleotide reductase, the enzyme that catalyses the conversion of ribonucleotides to deoxyribonucleotides during *de novo* DNA synthesis,^[@b8-1030972]^ leading to the interruption of DNA synthesis and cell death at the S-phase.^[@b9-1030972]^ HC does not target the malignant clone and therefore appears unable to eradicate it. The efficacy of HC in preventing thrombosis was suggested in several randomized clinical trials,^[@b10-1030972]^ but is still not proven. HC alone or in combination with other therapies may increase the risk of acute leukemia in MPN.^[@b11-1030972]^

Interferon-α is a non-leukemogenic drug that, in some cases, induces cytogenetic remissions or reversion from monoclonal to polyclonal patterns of hematopoiesis, and may specifically target the malignant clone.^[@b12-1030972]^ Its widespread use was hampered by its parenteral administration, cost and toxicity. The development of pegylated forms (PEG-IFN-α) increased tolerance and efficacy in IFN-treated patients.^[@b13-1030972]^

Increased thrombotic risk in PV patients is associated with high levels of hemoglobin, impaired rheology, and increased viscosity resulting from erythrocytosis.^[@b14-1030972]--[@b16-1030972]^ Targeting a hematocrit below 45% seems to decrease the thrombotic risk of these patients.^[@b10-1030972]^ An additional parameter that might contribute to this risk was brought to light by our work showing abnormal activation of adhesion proteins in PV red blood cells (RBC).^[@b17-1030972],[@b18-1030972]^ More recently, using a proteomic approach, we also found that membranes of PV RBCs had abnormal expression of several proteins including the adhesion protein Lu/BCAM (Lutheran/Basal Cell Adhesion Molecule) and proteins from the endoplasmic reticulum, such as calreticulin (Calr) and calnexin.^[@b19-1030972]^ These findings indicate that JAK2V617F not only impacts cell proliferation, but also induces changes in the repertoire of erythroid proteins expressed in circulating RBCs, which might contribute to the circulatory complications described in PV.

In this study, we investigated the effects of HC and IFN treatments on the expression of membrane proteins in circulating RBCs of PV patients. We show that HC and IFN each have a different impact on the expression and function of erythroid membrane proteins. While both drugs seem to normalize Calr expression, HC (but not IFN) enhances the expression of several proteins, including Lu/BCAM and CD147 adhesion proteins, and further exacerbates RBC adhesion to laminin.

Methods
=======

Patients and blood samples
--------------------------

The study obtained ethical approval from Comité de Protection des Personnes Ile de France VII (PP 14-035); blood samples from 53 PV patients, followed at Saint Louis Hospital, Paris, were obtained with informed consent. Patients are divided in 3 groups: 25 patients (16 men and 9 women; mean age: 63±14 years) were treated with phlebotomy in addition to low-dose aspirin; 20 patients (11 men and 9 women; mean age: 64±16 years) were treated with HC \[mean dose 0.8 g/day (0.3--1.5g/day)\]; 12 patients (9 men and 3 women; mean age: 50±13 years) were treated with PEG-IFN-α according to international and local guidelines^[@b20-1030972]^ \[mean dose 115 μg/week (45--180 μg/week)\]. The patient groups are small, and not necessarily matched for age or sex, partially due to the treatment guidelines of IFN and HC. Four patients from the first category were treated with HC during the study; blood samples from these 4 patients were collected before and during HC-treatment, at least six months after starting the treatment. All HC-treated patients were compliant to the treatment as they had complete hematologic response and increased mean corpuscular volume (MCV). JAK2V617F mutation was observed in all patients. Blood samples from 16 regular healthy donors at the Etablissement Français du Sang were also analyzed in this study (9 women and 7 men; mean age: 40±12 years, range 25--67 years). The 2 control (CT) blood samples used for the proteomic analysis, CT1 and CT2, were chosen to match as well as possible with the PV patient group of the study; they were from 67 and 57 year-old donors, respectively.

Blood samples and ghost preparation
-----------------------------------

Blood samples were collected on sodium heparin tubes. Buffy coat was removed and RBCs were cryopreserved at Centre National de Référence pour les Groupes Sanguins, Paris. RBC membranes were prepared by hypotonic lysis and washed with 5 mM sodium phosphate, pH 8.0 containing 0.2 mM phenylmethylsulfonylfluoride.

ITRAQ labeling and quantification by nano-liquid chromatography and mass spectrometry
-------------------------------------------------------------------------------------

Isobaric tag for relative and absolute quantitation (ITRAQ) multiplex analysis was carried out at the 3P5 proteomics facility as previously described,^[@b21-1030972]^ with some modifications (*Online Supplementary File 1*). Trypsin digested peptides from red cell ghosts of 3 PV patients (before and during HC treatment: total 6 samples) and 2 healthy donors (CT) were processed. (For further details see *Online Supplementary File 1*). Data were analyzed using Protein Pilot 4 with the Uniprot human database. The analysis yielded 12,459 peptide spectrum matches corresponding to 2664 non-redundant peptides assigned to 375 proteins. Proteins were considered over-expressed or down-regulated when they showed PV/CT or PVHC/PV ratios ≥1.3 or ≤0.7, respectively, in at least 2 out of 3 PV samples, with no ratios lower than 1.2 or higher than 0.8 for over-expressed or down-regulated proteins, respectively.

JAK2V617F allele burden quantification
--------------------------------------

The percentage of the JAK2V617F allele was determined in DNA extracted from whole blood using the Mutaquant® (Ipsogen) method as described.^[@b22-1030972]^

Flow adhesion assays
--------------------

Red blood cell adhesion to laminin 521 was measured under flow conditions using a capillary flow chamber. Recombinant laminin 521 (BioLamina) at 5 ng/μL was immobilized in Vena8 Endothelial+™ biochips (internal channel dimensions: length 20 mm, width 0.8 mm, height 0.12 mm). RBCs were perfused at 5.10^7^ RBCs/mL for 5 minutes (min) at 0.5 dyn/cm^2^ and 5-min washouts were performed at 0.5, 1, 2, 3, 5, 7 dyn/cm^2^ using the ExiGo™ pump (Cellix Ltd., Dublin, Republic of Ireland). After each wash, adherent RBCs were counted in 6 representative areas along the centerline of the biochip using the AxioObserver Z1 microscope (10X objective) and AxioVision 4 analysis software (Carl Zeiss). Images of the same 6 areas were obtained throughout each experiment using the "Mark and Find" module of AxioVision analysis software.

Flow cytometry
--------------

Cell surface expression of Lu/BCAM and CD147 and percentage of reticulocytes were determined using specific antibodies and Retic-Count™ (thiazole orange) reagent, respectively, using a BD FACScanto II flow cytometer (Becton-Dickinson), as described.^[@b23-1030972],[@b24-1030972]^

Phosphorylation assays and western blot
---------------------------------------

Phosphorylation of Lu/BCAM was assessed in PV RBCs, as described.^[@b23-1030972],[@b24-1030972]^ Briefly, RBCs were incubated in DMEM (GlutaMAX™ I, 4500 mg/L D-glucose) without sodium pyruvate for 2 hours at 37°C, 0.5% CO~2~, centrifuged at 1500 rpm for 5 min, and suspended in 1 mL of the same DMEM containing ^32^P (160 μCi) overnight at 37°C, 0.5% CO~2~. RBCs were lysed for 45 min at 4°C with lysis buffer containing: 20mM Tris, 150mM NaCl, 5mM EDTA, 0.002% NaN~3~, 1% Triton X-100, 0.2% BSA, phosphatase (Sigma-Aldrich), and protease inhibitor cocktails (Roche Diagnostics). Lu/BCAM was immunopurified with F241 mAb and protein A-sepharose CL4B beads (Roche Diagnostics) overnight at 4°C. After electrophoresis and protein transfer, phosphorylated proteins were detected and quantified with a FujiFilm BAS-1800 II PhosphorImager, using Image Reader BAS-1800 II v.1.8 and Multi Gauge, v.3.0 software, respectively (Fuji). Total Lu/BCAM was then revealed on the same membrane using biotinylated anti-Lu/BCAM antibody (R&D Systems) and ECL. Proteins were quantified using Chemidoc and Quantity One software.

Statistical analysis
--------------------

Statistical analysis was performed with GraphPad Prism using Mann-Whitney test ([Figures 1](#f1-1030972){ref-type="fig"}--[3](#f3-1030972){ref-type="fig"}) and paired *t*-test ([Figure 4](#f4-1030972){ref-type="fig"}): \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001 and \*\*\*\**P*\<0.0001.

![Calreticulin expression is decreased in polycythemia vera (PV) patients under hydroxycarbamide (HC) and interferon-α (IFN) treatments. Quantification of Calr expression normalized by actin from (A) 4 PV patients before (UT) and after (HC) HC treatment and (B) 11 control (CT), 19 UT, 11 HC, and 7 IFN patients. Horizontal lines represent medians: 0.9883, 2.023, 0.8760 and 0.8760, respectively.](103972.fig1){#f1-1030972}

![Lu/BCAM and CD147 erythroid expression are increased under hydroxycarbamide (HC) treatment. Flow cytometry analyses of (A and B) Lu/BCAM and (C) CD147 expression on red blood cells (RBC) from 17 untreated (UT), 16 HC-treated (HC), and 11 interferon-α-treated (IFN) polycythemia vera patients. MFI: mean fluorescence intensity. Horizontal lines represent medians.](103972.fig2){#f2-1030972}

![Increased adhesion to laminin of red blood cells (RBCs) from hydroxycarbamide (HC)-treated patients. (A) Adhesion to laminin at 3 dyn/cm^2^ of RBCs from 11 control (CT), 17 untreated (UT), 16 HC-treated (HC) and 11 IFN-treated (IFN) polycythemia vera patients. Horizontal lines represent medians. (B) The JAK2V617F allele burden (%JAK2V617F). RBC adhesion as a function of (C) %JAK2V617F (R^2^=0.048) and (D) Lu/BCAM mean fluorescence intensity (MFI) (R^2^=0.67) for 16 HC-treated patients.](103972.fig3){#f3-1030972}

![Longitudinal analyses of red blood cell (RBC) adhesion and Lu/BCAM expression and activation in 4 polycythemia vera (PV) patients during hydroxycarbamide (HC) treatment. All results were obtained with RBCs from 4 PV patients before (UT) and during (HC) HC treatment. (A) Typical images of RBCs adhering to laminin 521 at 3 dyn/cm^2^. (B) Mean number of RBCs/mm^2^. (C) Flow cytometry analysis of Lu/BCAM expression: (top) histograms (before: dotted; during: solid); (bottom) percentage of RBCs expressing Lu/BCAM and mean fluorescence intensity (MFI). (D) Western blot analysis of Lu/BCAM expression; the upper band corresponds to the long isoform Lu and the lower one to the short isoform Lu(v13). (E) Lu/BCAM phosphorylation rate. The top (P) and bottom (T) panels show the phosphorylation and the total amount of the immunopurified proteins, respectively. The phosphorylated fraction is determined by the P/T ratio.](103972.fig4){#f4-1030972}

Results
=======

Altered membrane protein expression in RBCs of HC-treated patients
------------------------------------------------------------------

In our recent work, we showed abnormal expression of several proteins at the membrane of PV RBCs, with a high number of proteins from the endoplasmic reticulum, including calreticulin (Calr).^[@b19-1030972]^ To verify if HC treatment restores normal expression of these proteins, we performed a proteomic analysis with RBC ghosts from 3 patients before and during their treatment with HC (pre-post patients). Three hundred and seventy-five proteins were confidently identified, with a number of peptides that allowed 358 distinct protein quantification (*Online Supplementary File 2*). Among the deregulated proteins initially reported,^[@b19-1030972]^ HC decreased the expression of several over-expressed proteins and increased the expression of those down-regulated ([Table 1](#t1-1030972){ref-type="table"}). Nevertheless, the treatment did not seem to restore a normal expression pattern of these proteins for all 3 patients when compared to control ([Table 1](#t1-1030972){ref-type="table"} and *Online Supplementary Table S1*). In addition, the comparative analysis showed that HC deregulated the expression of 53 proteins that had normal expression before the treatment started, with overexpression of 37 proteins (ratio ≥1.3) and downregulation of 16 proteins (ratio ≤0.7) ([Table 2](#t2-1030972){ref-type="table"}).

###### 

ITRAQ ratios of proteins with increased (i) or decreased (d) expression at the membrane of polycythemia vera (PV) red blood cells, and effect of hydroxycarbamide (HC) treatment. Proteins from endoplasmic reticulum are in bold.

![](103972.tab1)

###### 

ITRAQ ratios of 53 proteins modulated by hydroxycarbamide (HC) in polycythemia vera (PV) red blood cell ghosts.

![](103972.tab2)

Expression of Calr was diminished during HC treatment but did not reach control levels ([Table 1](#t1-1030972){ref-type="table"}). We analyzed Calr by western blot in RBC ghosts from a total of 4 pre-post patients, including the 3 patients of the proteomics study, and found that its expression was decreased during the treatment without reaching significance ([Figure 1A](#f1-1030972){ref-type="fig"}), confirming the proteomics results. This was probably due to the variability and relatively short duration of the treatment in this group (mean duration 1.4 years, range 0.5--3 years). Therefore, we tested for the presence and expression level of Calr by western blot in a group of 11 patients treated with HC for a longer period of time (mean duration 5.9 years, range 0.5--20 years), a group of 19 untreated (UT) patients (i.e. with no cytotoxic antiproliferative treatment), and a group of 11 healthy donors ([Figure 1B](#f1-1030972){ref-type="fig"}). We found no significant difference between the HC and healthy donor groups indicating that long-term HC treatment restores the expression of Calr. Similarly, we investigated Calr in a group of 7 patients treated with IFN and found no difference with the healthy donors group, strongly suggesting that IFN restores normal expression of Calr in PV RBCs ([Figure 1B](#f1-1030972){ref-type="fig"}).

Overexpression of Lu/BCAM and CD147 in HC-treated patients
----------------------------------------------------------

In the group of membrane proteins abnormally expressed in PV RBCs,^[@b19-1030972]^ Lu/BCAM was the only protein whose overexpression was further exacerbated by HC in all 3 patients, with a fold increase comprised between 6.6 and 11.8 ([Table 1](#t1-1030972){ref-type="table"}). Lu/BCAM is a low abundance surface protein that is expressed on a subpopulation of circulating RBCs. To determine whether HC increases the percentage of Lu/BCAM-positive RBCs or Lu/BCAM expression level per RBC, or both, we performed flow cytometry assays with 18 UT and 17 HC blood samples, using a specific mouse monoclonal anti-Lu/BCAM antibody. The percentage of Lu/BCAM-expressing cells and the number of Lu/BCAM molecules per RBC, estimated by the mean fluorescence intensity (MFI) of Lu/BCAM-positive RBCs, were significantly higher in the HC group (median 94.35%, MFI=4570) than in the UT group (median 73%, MFI=1819) (*P*\<0.001, Mann-Whitney test) ([Figure 2A and B](#f2-1030972){ref-type="fig"}, and *Online Supplementary Figure S1A*). As Lu/BCAM expression is known to be higher in young (reticulocytes) than mature RBCs,^[@b25-1030972]^ we determined the percentage of reticulocytes in all blood samples. There was no significant difference between both patient groups (mean UT:0.6 ±0.05; HC: 0.9±0.17, *P*=0.097) (*Online Supplementary Figure S1B*) indicating that the increase of Lu/BCAM was not due to an HC-induced imbalance between reticulocytes and mature RBCs.

Flow cytometry analysis was conducted with 11 blood samples from IFN-treated patients and no significant difference was found with the UT group (Lu/BCAM-positive RBCs: 81.4% *vs*. 73%, *P*=0.3722; MFI: 2479 *vs*. 1819, *P*=0.5588, respectively) ([Figure 2A and B](#f2-1030972){ref-type="fig"}), indicating that IFN did not influence Lu/BCAM protein expression.

In order to explore the potential effect of HC and IFN on the expression of other erythroid adhesion proteins, we performed flow cytometry analysis of four additional adhesion markers: CD44, CD47, CD147 and CD242. All 4 markers are expressed on almost 100% of circulating RBCs and there was no effect of HC or IFN on this percentage (*data not shown*). Likewise, there was no effect of either HC or IFN treatment on the expression level per RBC of CD44, CD47 and CD242, estimated by the MFI, when compared to UT patients. However, we observed increased expression of CD147 in the HC group (median MFI=8472) when compared to the UT group (median MFI=5406) (*P*\<0.0001, Mann-Whitney test) ([Figure 2C](#f2-1030972){ref-type="fig"}) suggesting a common upregulation of Lu/BCAM and CD147 by HC. This increase was confirmed by proteomics in the 3 pre-post patients who showed increased CD147 expression during HC treatment ([Table 2](#t2-1030972){ref-type="table"}).

Increased RBC adhesion to laminin in HC-treated patients
--------------------------------------------------------

As Lu/BCAM mediates abnormal adhesion of PV RBCs to laminin,^[@b17-1030972]^ we examined the effect of HC treatment on PV RBC adhesion by performing adhesion assays under flow conditions. RBCs from HC-treated patients adhered much more than those from UT patients, with respective medians of 969 and 231 RBCs/mm^2^ at 3 dyn/cm^2^ (*P*=0.0047, Mann-Whitney test) whereas no significant difference was found between the IFN (271 RBCs/mm^2^) and UT groups (*P*=0.8508, Mann-Whitney test) ([Figure 3A](#f3-1030972){ref-type="fig"}). Adhesion of RBCs from 6 control donors was minor (median=37 RBCs/mm^2^), and significantly lower than in the UT, HC and IFN groups (*P*\<0.01, Mann-Whitney test).

The impact of HC and IFN on cell adhesion was also analyzed by comparing the UT, HC and IFN groups in terms of RBC adhesion value distributions. We found that these values were broadly dispersed in the UT and HC groups but were less scattered in the IFN group ([Figure 3A](#f3-1030972){ref-type="fig"}), with a significant difference between the variance of the IFN group as compared to the UT (*P*\<0.05) or the HC group (*P*\<0.05) (Fisher exact test). This was probably linked to the JAK2V617F allele burden of each group. As a matter of fact, we have previously shown that PV RBC adhesion to laminin in UT patients was correlated with the JAK2V617F allele burden, defined as the percentage of circulating JAK2 alleles with the V617F mutation (%V617F).^[@b26-1030972]^ We determined the %V617F of all patients and, as expected and as reported in previous studies,^[@b13-1030972]^ the median was significantly lower in the IFN than in the UT and HC groups ([Figure 3B](#f3-1030972){ref-type="fig"}). Moreover, we found no significant difference between the UT and the HC groups, despite a lower median in the latter ([Figure 3B](#f3-1030972){ref-type="fig"}), indicating that increased RBC adhesion in the HC group was independent of the %V617F and was most probably due to the expression level of Lu/BCAM. This was demonstrated by plotting RBC adhesion values against the percentage of JAK2V617F ([Figure 3C](#f3-1030972){ref-type="fig"}) and the MFI of Lu/BCAM ([Figure 3D](#f3-1030972){ref-type="fig"}).

Longitudinal study of HC treatment in 4 PV patients
---------------------------------------------------

As only HC had activating effects on RBC adhesion, and because of wide interindividual variability in PV, we further investigated the effects of HC treatment in the 4 pre-post HC patients of our cohort by performing adhesion and flow cytometry assays. This longitudinal analysis showed a great increase of adhesion after HC treatment for all 4 patients ([Figure 4A and B](#f4-1030972){ref-type="fig"}), confirming the results obtained with the UT and HC groups. As seen in the UT and HC groups, we found that the increased adhesion was associated with increased Lu/BCAM expression, both in terms of percentage of Lu/BCAM-positive RBCs and associated mean fluorescence intensity ([Figure 4C](#f4-1030972){ref-type="fig"}), confirming that HC increases both the percentage of Lu/BCAM-positive RBCs and the expression of this protein within each positive RBC. This increase was reflected by higher amounts of Lu/BCAM during HC treatment detected by western blot ([Figure 4D](#f4-1030972){ref-type="fig"}).

We have shown that Lu/BCAM long isoform was constitutively phosphorylated in PV RBCs^[@b18-1030972]^ and that inhibi tion of this phosphorylation was associated with less PV RBC adhesion to laminin.^[@b17-1030972]^ In order to determine whether the increased adhesion induced by HC was associated with Lu/BCAM activation, we tested the phosphorylation state of Lu/BCAM long isoform. Radiophospholabeling experiments confirmed that Lu/BCAM was phosphorylated in PV RBCs and showed increased phosphorylation during HC treatment ([Figure 4E](#f4-1030972){ref-type="fig"}, top panel). This increased phosphorylation was not only due to increased Lu/BCAM expression, as the phosphorylation ratio (P/T), in which P is the measured phosphorylation and T the expression of total Lu/BCAM, was higher during than before HC treatment ([Figure 4E](#f4-1030972){ref-type="fig"}, bottom panel), indicating that HC both increases the expression of Lu/BCAM and the proportion of phosphorylated molecules.

Discussion
==========

Our recent work showed abnormal expression of several proteins in RBCs of PV patients,^[@b19-1030972]^ revealing qualitative alterations in these cells in addition to their increased number in the circulation. The aim of the current study was to address the effects of HC treatment on the expression of erythroid membrane proteins of PV patients using a global proteomic approach.

Our proteomic results obtained with ghosts from 3 pre-post patients showed that HC treatment tends to restore the expression of deregulated membrane proteins. Nevertheless, normal expression of these membrane proteins was not reached, suggesting that the duration of the treatment for these patients was not sufficient, which is supported by the results of Calr expression in the group of 11 patients treated with HC for a longer duration.

Since we have shown that Calr overexpression was associated with the presence of JAK2V617F,^[@b19-1030972]^ the decreased Calr expression in the HC group could have been the consequence of fewer JAK2V617F-positive clones in the bone marrow of these patients. This was reflected by their lower %V617F when compared to the UT group (median=42.5 and 60% for HC and UT, respectively), although the difference was not significant, which is in accordance with a study showing that HC does not appreciably reduce the JAK2V617F allele burden.^[@b27-1030972]^ The IFN group also showed lower expression levels of Calr than the UT group, along with a significant decrease of the %V617F (median=15%). This decrease was expected as IFN treatment is known to reduce the JAK2V617F allele burden, with some cases of complete remission.^[@b13-1030972]^ Calr is a calcium-binding chaperone that promotes efficient folding of glycoproteins but whose role in circulating RBCs has not been elucidated. Because calcium regulates several erythrocyte functions,^[@b28-1030972]^ we believe that the decrease in Calr expression triggered by HC and IFN might be beneficial to the calcium homeostasis and subsequent calcium-regulated functions of PV RBCs.

However, despite the tendency to normalize Calr expression, the proteomic analysis showed that HC treatment clearly affects the expression of several membrane proteins. This is not the first example of such deregulation, as HC is known to induce the neosynthesis of fetal hemoglobin in the erythroid lineage and is used to this purpose in sickle cell disease (SCD) patients.^[@b29-1030972],[@b30-1030972]^ Among the proteins over-expressed by HC in PV patients, Lu/BCAM and CD147 were also reported to be up-regulated in RBCs of sickle cell disease patients treated with HC,^[@b31-1030972]^ indicating that the observed effect of HC is not specific to PV. This suggests the triggering of common pathways by HC independently of the underlying illness, most likely through the activation of gene transcription. This is supported by the findings of Odievre *et al*.^[@b31-1030972]^ showing increased expression of Lu/BCAM in erythroid progenitors from SCD patients and healthy donors differentiated *in vitro* in the presence of HC.^[@b31-1030972]^ Moreover, we have previously shown activation of Lu/BCAM gene transcription by HC in endothelial cells grown *in vitro*.^[@b32-1030972]^

Similar to our previous reports in sSCD, we found that HC significantly increases erythroid Lu/BCAM expression by enhancing both the percentage of Lu/BCAM-positive RBCs and the Lu/BCAM copy number per RBC. The increase in the percentage of Lu/BCAM-positive RBCs indicates that the observed higher expression is not due to the documented increase of the RBC volume consecutive to the HC treatment. Opposite to RBCs from HC-treated SCD patients, those from treated PV patients had increased adhesion to laminin. In SCD, increased Lu/BCAM phosphorylation is achieved in a PKA/cAMP-dependent manner, with patients showing high cAMP levels that are decreased during HC treatment.^[@b23-1030972]^ In PV, Lu/BCAM phosphorylation is driven by a JAK2V617F-dependent pathway involving Akt, and not PKA, which could explain the difference of HC effects between SCD and PV. HC is a nitric oxide (NO) donor *in vivo*^[@b33-1030972]--[@b35-1030972]^ and its effect in PV RBCs might be due to Akt activation through an NO-dependent pathway. Indeed, RBCs have been shown to express an active NO synthase (NOS)^[@b36-1030972]^ and are thus capable of generating NO and activating downstream effectors like Akt. Such activation of Akt by NO donors has been reported in endothelial cells^[@b37-1030972]^ and chick retinal neurons;^[@b38-1030972]^ it occurs through the activation of soluble guanylyl cyclase (sGC) and protein kinase G. Interestingly, HC has also been shown to activate sGC in erythroid cells,^[@b39-1030972]^ such activation might trigger Akt activity in PV RBCs and lead to Lu/BCAM activation and increased RBC adhesion.

Activation of leukocytes, platelets and endothelial cells is known to promote a prothrombotic state. Markers for such activation have been reported in PV patients, including activation of polymorphonuclear leukocytes and endothelial cells,^[@b40-1030972]^ and increased levels of leukocyte-platelet aggregates.^[@b41-1030972]^ A previous report showed that treatment of PV patients with HC did not influence these marker levels.^[@b42-1030972]^ Our study reveals a new pro-adhesive effect of HC in PV patients that acts by increasing the expression of two adhesion molecules, Lu/BCAM and CD147, and by activating RBC adhesion to laminin. CD147, also named basigin or neurothelin, is a member of the immunoglobulin superfamily that is expressed in various tissues, including brain, leukocytes, endothelial cells, and most tumor cell lines. CD147 is expressed during erythroid differentiation^[@b43-1030972]^ and is carrier molecule for the blood group antigen Ok^a^.^[@b44-1030972]^ Its erythroid adhesive function is important during the circulation of RBCs in the spleen.^[@b45-1030972]^ It was shown to bind endothelial cells and fibroblasts,^[@b46-1030972]^ and to be a receptor essential for erythrocyte invasion by *Plasmodium falciparum*.^[@b47-1030972]^ It is noteworthy that Lu/BCAM and CD147 are adhesion markers linked to progression of solid tumors. Lu/BCAM is over-expressed in carcinomas *in vivo* and up-regulated following malignant transformation in some cell types.^[@b48-1030972]--[@b51-1030972]^ Likewise, CD147 plays a central role in the progression of many cancers by inducing the secretion of matrix metalloproteinases and various cytokines (reviewed by Xiong, Edwards and Zhou^[@b52-1030972]^). Several studies have indicated that CD147 is a multifunctional glycoprotein that inhibits tumor cell anoikis,^[@b53-1030972]^ enhances tumor angiogenesis,^[@b54-1030972]^ and promotes invasion, metastasis,^[@b55-1030972]^ and glycolytic energy metabolism.^[@b56-1030972]^ Considering the wide tissue distribution of both proteins, and the fact that HC distributes throughout the body reaching approximately all tissues, one would expect that Lu/BCAM and CD147 would be also over-expressed in cell types other than RBCs, such as endothelial and epithelial cells. This is supported by our study showing that HC increases the endogenous expression of Lu/BCAM in endothelial cells *ex vivo*.^[@b32-1030972]^ Consequently, overexpression of Lu/BCAM and CD147 in HC-treated patients might possibly have a negative impact both in the vascular territory by promoting abnormal cellular interactions, and in the higher incidence of skin cancer reported in HC-treated PV patients.^[@b57-1030972]^

Although HC and IFN inhibit the proliferation of progenitor cells, nothing was known about their impact on PV RBCs once they exit the bone marrow. Our study is the first to address the effects of these molecules on PV RBCs, and to show that HC and IFN have a different impact on RBC protein expression and adhesive function. Leukocytosis and high hematocrit are two parameters involved in thrombotic events in MPN patients, and are both decreased during HC treatment.^[@b10-1030972]^ A PV Study Group non-randomized trial showed that HC was associated with a lower incidence of early thrombosis compared to a historical cohort treated with phlebotomy alone (6.6% *vs*. 14% at 2 years).^[@b58-1030972]^ Nevertheless, thrombosis is not totally abrogated in HC-treated patients. Patients treated with IFN also encounter less thrombotic events,^[@b59-1030972]^ but whether this happens more or less than those treated with HC is still unknown because there had been no clinical trials comparing the effects of both drugs in the same cohort of MPN patients. Such trials are currently ongoing and might show differences between HC and IFN regarding circulatory complications.

Altogether, our study shows that HC and IFN each have a different impact on RBCs and reveals unexpected adverse effects of HC on RBC physiology in PV. Our findings show that HC deregulates the expression of several proteins at the red cell membrane providing new insights into the effects of this molecule on gene regulation and protein recycling or maturation during erythroid differentiation. Furthermore, our study shows that HC increases the expression of two ubiquitously expressed proteins that are linked to progression of solid tumors. Investigating such overexpression in tissues other than blood cells will be of interest in MPNs.
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